In patients affected by Creutzfeldt-Jakob disease and in animals affected by transmissible spongiform encephalopathies, retinal functions are altered, and major spongiform changes are observed in the outer plexiform layer where photoreceptors have their synaptic terminals. In the present study, the prion protein PrP c was found to form aggregates in rod photoreceptor terminals from both rat and human retina, whereas no labeling was observed in cone photoreceptors. Discrete staining was also detected in the inner plexiform layer where the prion protein was located at human amacrine cell synapses. In mixed porcine retinal cell cultures, the PrP106-126 prion peptide triggered a 61% rod photoreceptor cell loss by apoptosis as indicated by terminal deoxynucleotidyl transferase dUTP nick-end labeling, whereas cone photoreceptors were not affected. Amacrine cells were also reduced by 47% in contrast to ganglion cells. Although this cell loss was associated with a 5. These neurological disorders exhibit common pathological symptoms like vacuolization of the neurophils, astrocytosis, and loss of neurons. 2 In patients with CreutzfeldtJakob disease, alteration of the retinal function was attested by the decrease in the electroretinogram b-wave amplitude, 3-5 which reflects the activity of bipolar cells postsynaptic to photoreceptors. These early electroretinogram changes were even proposed as a diagnostic measurement for the disease. 6 In histology, major spongiform changes were observed in the outer plexiform layer (OPL) where photoreceptors have their synaptic terminals, and only moderate changes were observed in the inner plexiform layer (IPL) and ganglion cell layer.
In patients affected by Creutzfeldt-Jakob disease and in animals affected by transmissible spongiform encephalopathies, retinal functions are altered, and major spongiform changes are observed in the outer plexiform layer where photoreceptors have their synaptic terminals. In the present study, the prion protein PrP c was found to form aggregates in rod photoreceptor terminals from both rat and human retina, whereas no labeling was observed in cone photoreceptors. Discrete staining was also detected in the inner plexiform layer where the prion protein was located at human amacrine cell synapses. In mixed porcine retinal cell cultures, the PrP106-126 prion peptide triggered a 61% rod photoreceptor cell loss by apoptosis as indicated by terminal deoxynucleotidyl transferase dUTP nick-end labeling, whereas cone photoreceptors were not affected. Amacrine cells were also reduced by 47% in contrast to ganglion cells. Although this cell loss was associated with a 5. Transmissible spongiform encephalopathies in humans and in animals are linked to the transconformation of the prion protein PrP c into a proteinase-resistant form PrP res . 1 These neurological disorders exhibit common pathological symptoms like vacuolization of the neurophils, astrocytosis, and loss of neurons. 2 In patients with CreutzfeldtJakob disease, alteration of the retinal function was attested by the decrease in the electroretinogram b-wave amplitude, [3] [4] [5] which reflects the activity of bipolar cells postsynaptic to photoreceptors. These early electroretinogram changes were even proposed as a diagnostic measurement for the disease. 6 In histology, major spongiform changes were observed in the outer plexiform layer (OPL) where photoreceptors have their synaptic terminals, and only moderate changes were observed in the inner plexiform layer (IPL) and ganglion cell layer. 5 These localizations were consistent with the reported accumulation of the pathogenic form of the prion protein, PrP res , throughout the plexiform layers of the human retina. 7 The in vivo retina has been used on many occasions to study the progression of the disease in animal models because of its organized structure, its in vivo access for intraocular injection, and the possibility to correlate the histology to the measure of neuronal function by the electroretinogram. In mice inoculated with scrapie extract, the retina showed a progressive degeneration with a loss of photoreceptors and ganglion cells associated with optic nerve changes. 8 -10 These changes were correlated to a localization of the prion protein PrP c in the synaptic layers, especially in mice overexpressing the protein. 11 When using prion peptides, both the PrP106-126 and PrP118-136 peptides were shown in vivo to induce cell death in all nuclear layers of the retina. 12, 13 When studying the molecular mechanisms of toxicity, both the PrP106-126 peptide and scrapie-infected extracts were found to have no effect on neurons from prion protein knockout mice (PrP 0/0 ), 14 whereas the PrP118-135 fragment induced neuronal cell death. 13 In the presence of PrP-positive astrocytes, the PrP106-126 peptide may, however, become toxic to PrP 0/0 neurons by promoting glutamate release from astrocytes. 15 The toxicity of the PrP106-126 peptide was in fact related to its ability to aggregate. 16 To understand further the retinal physiopathology of the transmissible spongiform encephalopathies, we examined the PrP c subcellular distribution in rat and human retina. PrP c was localized to rod spherules and amacrine cells, whereas cone pedicles did not express PrP c . In addition, we assessed the toxicity of the PrP106-126 peptide in adult mixed retinal cell cultures. A direct correlation was demonstrated between the in vitro peptide toxicity and the in vivo distribution pattern of PrP c . Mixed retinal cell cultures therefore represent an interesting model in which to study the transmissible spongiform encephalopathies physiopathological mechanisms on fully differentiated adult neurons.
Materials and Methods

Retinal Cell Culture
Adult mixed retinal cell cultures were prepared from the pig retina as previously described. 17 In brief, the pig retina was isolated in a CO 2 -independent medium from pig eyes received from a local slaughterhouse. Retinal fragments were rinsed and incubated for 20 to 30 minutes at 37°C with activated papain (0.2%) in a Ca 2ϩ -free Ringer's solution containing ethylenediamine tetraacetic acid (0.1 mmol/L). After stopping the enzymatic reaction in Dulbecco's modified Eagle's medium-10% fetal calf serum ganglion cell layer with DNase (0.2 mg/ml), retinal fragments were mechanically dissociated with a fire-polished Pasteur pipette. Retinal cells were isolated by centrifugation at 800 rpm for 5 minutes. Cells were finally seeded on laminin-and poly-D-lysine-coated coverslips in Dulbecco's modified Eagle's medium-10% fetal calf serum at a density of 4 ϫ 10 4 cells/cm 2 . After 6 days in vitro, the human PrP106-126 prion peptide or its scrambled form was added to the culture medium for 4 days. Both the correct human prion protein peptide [PrP106-126 and its scrambled form were purchased from Bachem (Weil am Rhein, Germany) and applied at the same concentration (80 mol/L)]. The 80 mol/L concentration was selected as it has been described as the lowest toxic concentration in primary neuronal cultures. 18 Peptides were dissolved in deionized water at a concentration of 24 mmol/L and stored at Ϫ20°C. Subsequently, they were diluted twice with phosphate-buffered saline (PBS) and added to the culture medium. Culture solutions were changed every 2 days, and cells were finally fixed with 4% paraformaldehyde in PBS before cell labeling.
Cell Labeling
Human postmortem retinal tissues were obtained from the human tissue bank in Strasbourg in accordance with French legislation on the use of human tissues for medical and scientific research. Human tissues were fixed in 4% paraformaldehyde in PBS (0.1 mol/L, pH 7.4) at 4°C for 15 minutes. For rat retinal tissue, adult Long-Evans rats were sacrificed by cervical dislocation. Eyes were enucleated, the anterior segments removed, and the posterior eyecups fixed in 4% paraformaldehyde in PBS for 5 minutes. Following fixation, retinal tissues were dissected from the eyecup, cryoprotected in graded sucrose solutions (10%, 20%, 30%), and embedded in OCT to produce vertical retinal sections (10 m) on a cryostat.
Sections and cell cultures were washed in PBS, permeabilized in PBS containing 0.1% Triton X-100 for 5 minutes, then bathed in PBS containing 1% bovine serum albumin, 1% goat serum for 1 hour at 37°C, and incubated in the same solution with the primary antibody for 2 hours at room temperature. For double-labeling experiments, a combination of primary antibodies was applied simultaneously. The sections were rinsed in PBS three times and incubated with the secondary antibodies for 1 hour at 37°C in the dark. The secondary antibodies included rabbit anti-mouse IgG conjugated to Alexa TM 568 and anti-rabbit IgG conjugated to Alexa TM 488 (all diluted 1:400; Molecular Probes, Eugene OR). Microglial cells were identified by the isolectin B4 bound to fluorescein isothiocyanate (ILB4, 1:50; Sigma Chemical Co, St. Louis, MO), whereas cone photoreceptors were stained by the peanut lectin agglutinin (PNA, 1:40; Sigma). Apoptotic cells were labeled with terminal deoxynucleotidal transferase dUTP nick-end labeling (TUNEL kit; Roche Diagnostics, Basel, Switzerland). 4,6-Diamidino-2-phenylindole nuclear dye was applied in PBS for 2 minutes. Finally, cells were washed four times before observation. Control experiments were performed by either omitting the primary prion antibody or adding the primary antibody with its corresponding synthetic prion peptide.
The primary antibodies used in the present study were anti-calbindin D-28K polyclonal antibody (1:1000; Chemicon); anti-PKC-␣ polyclonal antibody (1:2000; Santa Cruz); anti-arrestin polyclonal antibody (1:2000; a generous gift of Dr. Y. Gery, National Eye Institute, National Institutes of Health, Bethesda, MD); anti-rhodopsin monoclonal antibody (Rho4D2, 1:1000; a generous gift of Dr. Hicks, Centre National de la Recherche Scientific Unité Mixte de Recherche 7518, Strasbourg, France); anti-syntaxin antibody (1:500, HPC1; Sigma); anti-Bassoon polyclonal antibody 19 (1:1000, anti-VGLUT1 polyclonal anti-body, 1:4000; a generous gift from Dr. S. El Mestikawy, INSERM U513, Cré teil, France); and the anti-PrP antibodies Prion-917 (protein A-purified IgG1k, 1:600; a generous gift from Dr J. Grassi, Commissariat à l'Energie Atomique, Gif sur Yvette, France) and Prion-8G8 (IgG2ak, 1:1000; a generous gift from Dr J. Grassi). Prion-917 was raised against a synthetic peptide representative of the C-terminal human sequence (214-230) of PrP, 20 whereas prion-8G8 is directed to the 90 to 108 amino acid sequence of recombinant human PrP. 21 These synthetic peptides were also generously provided by Dr. J. Grassi to control for antibody specificity.
Microscopic Observation
Fluorescent labeling was observed using a Nikon Optiphot 2 microscope (Nikon, Tokyo, Japan) under epifluorescent illumination (Alexa TM 568: excitation filter 510 to 560 nm, dichroic mirror DM575, barrier filter BA590; Alexa TM 488: excitation filter 470 to 490 nm, dichroic mirror XF22, barrier filter 530DF30). Sections were also examined using an inverted Zeiss Axiovert 100 M microscope (Zeiss, Jena, Germany) equipped with the LSM510 laser scanning confocal module. High resolution scanning was performed with the 63ϫ, 1.4 oil immersion objective with 1024 ϫ 1024 or 2048 ϫ 2048 pixel images (minimum pixel size 0.04 ϫ 0.04 m) in the multitrack mode. Excitation/emission wavelengths were 488 nm/505 to 530 and 543 nm/LP585 nm for Alexa TM 488 and Alexa TM 568, respectively. All images were obtained from single optical sections, 0.7 m under blue excitation (488 nm) and 0.9 m under green excitation (543 nm). Image processing was achieved with the LSM510 software (version 2.5) and PhotoShop 7.0 LE (Adobe Systems, San Jose, CA).
Cell Counting
In retinal cell cultures, labeled cells were counted in microscopic fields along two diagonals and normalized to the number of Rho4D2-positive rods from the same culture in the control conditions. When quantifying apoptotic rod photoreceptors, cells showing the double labeling for TUNEL and for the Rho4D2 antibody were counted. In each experiment, three coverslips were prepared and counted for each culture condition. The results are presented as the average (ϮSEM) of three independent cultures. Comparison between various groups of treatment was performed by Student's t-test. A probability (P Ͻ 0.05) was taken as a landmark for significant differences.
Results
PrP c Localization in the Rat Retina
In normal rat retina, PrP c was localized with the prion-917 antibody in the OPL and IPL, where it showed a punctuated appearance (Figure 1, A and B) . To control the specificity of this staining, the synthetic prion peptide used to generate the antibodies was added to the first incubation. Under such conditions, the punctuated staining in the OPL and IPL completely disappeared, leaving some nonspecific labeling of blood vessels ( Figure 1C ) also observed in control experiments omitting the primary antibody. To define the cellular distribution of the prionimmunopositive structures in the OPL, photoreceptor terminals were immunolabeled with an antibody directed against arrestin, a protein expressed exclusively in photoreceptors showing their terminals in the OPL and their cell bodies with inner and outer segments in the outer nuclear layer. [22] [23] [24] In the OPL, all PrP c -immunopositive puncta were located in arrestin-immunolabeled structures, indicating that PrP c was located in photoreceptor terminals (Figure 2 , A-C). To determine whether PrP c was present in cone pedicles or rod spherules, retinal sections were stained with the PNA, which labels cone pedicles in the OPL. 25, 26 No PrP c -immunolabeled structures were observed in PNA-positive cone pedicles (Figure 2 , D-F), and there was uncertainty regarding the staining of four PNA-positive terminals of 821. This observation indicated that the PrP c was localized in rod spherules. To confirm the absence of PrP c in the dendrites of postsynaptic neurons, retinal sections were immunolabeled with an antibody directed against the ␣-isoform of protein kinase C (PKC-␣) that specifically labels rod bipolar cells. 27 Rod bipolar cell dendritic tips were often seen in close apposition with PrP c -immunolabeled structures (Figure 2 , G-I). Likewise, calbindin-immunopositive horizontal cells 28 were seen in close apposition to PrP c -immunolabeled structures (Figure 2 , J-L). However, no co-localization was observed, confirming the presynaptic localization of the PrP c in rat rod photoreceptors.
PrP c Localization in the Human Retina
Likewise, PrP c was localized with the prion-8G8 antibody in the human OPL and IPL as punctuated structures (Figure 1, D-E) . Again, the specificity of this staining was controlled with the synthetic prion peptide used to generate the antibodies. With this peptide, the punctuated staining in the OPL and IPL completely disappeared, leaving some unspecific labeling of blood vessels ( Figure  1F ). These PrP c -immunopositive structures were included within the arrestin-positive photoreceptor terminals ( Figure 3, A-C) . To confirm further this photoreceptor expression, retinal sections were labeled with an antibody recognizing the vesicular glutamate transporter VGLUT1, which contributes to the vertical excitatory transmission at photoreceptor and bipolar cell terminals. In the OPL, all PrP c -immunopositive structures were included within VGLUT1-immunopositive photoreceptor terminals (Figure 3, D-F) . When cone photoreceptor pedicles were distinguished by the PNA labeling, PrP c immunolabeling was not found in these cone photoreceptor terminals (Figure 3 , J-L). To confirm further the absence of PrP c in cone pedicles, retinal sections were immunolabeled with an antibody directed against calbindin that labels the complete cone photoreceptor in the human retina. 28 No PrP c immunolabeling was observed in calbindin-positive cone photoreceptor terminals (Figure 4 , A-C). In the OPL, PrP c -immunopositive structures were in close apposition with rod bipolar cell dendritic tips as revealed by PKC-␣ immunolabeling (Figure 3 , G-I). As in the rat retina, these observations indicate that PrP c is expressed in human rod spherules but not in cone photoreceptor pedicles.
To define the subcellular localization of PrP c in the IPL, retinal sections were labeled with a Bassoon antibody that recognizes the conventional synapses of inhibitory amacrine cells. 29 PrP c -immunopositive structures were co-localized with Bassoon-immunopositive structure (Figure 5 , A-C), thereby indicating that the PrP c protein is located at the amacrine cell synapse.
Neurotoxicity of Prion Protein Fragment 106-126
In the in vivo retina, the peptide PrP106-126 was previously reported to induce neuronal death in all retinal layers. 12 To examine further the retinal toxicity of the PrP106-126 peptide, mixed retinal cell cultures from the pig retina were exposed to this peptide for 4 days. The choice of the pig retina for these culture experiments was taken for ethical reasons because pig eyes are available from the slaughterhouse. Furthermore, pigs have many more cone photoreceptors, enabling us to investigate the toxicity of the PrP106-126 peptide on PrP c -expressing rods compared with cones that do not express PrP c . Figure 6 illustrates the observed neuronal cell loss after 4-day exposure to the PrP106-126. In these experiments, cell populations were normalized with respect to the number of rod photoreceptors in the control condition, photoreceptors were predominant with the cones representing a third of photoreceptors (cone/rod ratio: 43.21 Ϯ 5.11%, SEM, n ϭ 3), whereas amacrine and ganglion cells constituted minor cell populations (amacrine cell/ rod ratio: 11.36 Ϯ 1.40%; ganglion cell/rod ratio: 3.86 Ϯ 0.74%, SEM, n ϭ 3). When treated with the P106-126 peptide, rods were decreased by 61.27 Ϯ 4.98% (SEM, n ϭ 3) in the PrP106-126-treated group. The specificity of this rod neurotoxicity was investigated with a scrambled PrP106-126 peptide. Unlike the P106-126 peptide, this scrambled peptide did not induce a similar cell loss at the same concentration ( Figure 6 , rod cell number with respect to control: 87.83 Ϯ 4.69%, SEM, n ϭ 3). Interestingly, the P106-126 peptide did not induce cone cell death as no significance difference in the relative cone cell numbers were observed between the control group (43.21 Ϯ 5.11%, SEM, n ϭ 3) and PrP106-126-treated group (40.96 Ϯ 6.15%, SEM, n ϭ 3). Likewise, no significant differences were detected for ganglion cells between the control group (3.86 Ϯ 0.74%, SEM, n ϭ 3) and the PrP106-126-treated group (3.45 Ϯ 0.72%, SEM, n ϭ 3). By contrast, syntaxin-immunopositive amacrine cells were significantly decreased by 47.01 Ϯ 4.36% (SEM, n ϭ 3), following the peptide treatment. These results indicated that the PrP106-126 peptide induced cell death in cultured rod photoreceptors and amacrine cells, although it did not affect cone photoreceptors and ganglion cells.
To provide further evidence of rod cell death, treated cultures were labeled for the apoptotic marker TUNEL. Double-labeling experiment with TUNEL and the rodspecific antibody Rho4D2 showed that many rods were TUNEL-positive cells. Quantification of these TUNEL-positive rod cells showed an increase in density from 23.44 Ϯ 3.90% to 62.17 Ϯ 8.97% of the rod cell population (SEM, n ϭ 3). TUNEL-positive photoreceptors often showed an increased intensity of the rhodopsin immunolabeling that is normally homogeneously distributed at the cell membrane. Fragmentation or absence of the cell nuclei was also occasionally observed in PrP106-126-treated rod photoreceptors ( Figure 6 ). These results confirmed that the PrP106-126 peptide can induce rod photoreceptor apoptosis in mixed retinal culture.
Activation of microglia was reported following culture incubation with the PrP106-126 peptide.
14 To determine whether this microglial reaction occurred in retinal cell culture, microglial cells were labeled with the isolectin B4 and counted. The ILB4 lectin staining showed a change in the microglial morphology following the PrP106-126 treatment (Figure 7) . Control microglia were oval-shaped, showing no or a very few processes, whereas PrP106-126-treated microglia exhibited several cellular processes resulting in a star-like cellular morphology. Furthermore, cell quantification indicated that microglia had increased 5.5-fold from 0.68 Ϯ 0.10 cells/field to 3.74 Ϯ 0.50 cells/field (SEM, n ϭ 3) following the PrP106-126 
Discussion
PrP c Localization in the Retina
In the retina, PrP c expression was located in all nuclear layers by in situ hybridization. 7 The protein was localized in the plexiform layers from transgenic mice overexpressing the protein PrP c . 30, 31 Its co-localization with synaptophysin suggested that it had a presynaptic localization in the retina as in other neuronal structures, although it did not seem to be restricted to the plasma membrane as it had been suggested from synaptosomal fractionation studies. 11 Our histological examinations confirmed that PrP c was indeed presynaptic in the outer plexiform layer, but it indicated further that in both rat and human retina it was selectively expressed in rod photoreceptor terminal and not in cone pedicles. However, the immunolabeling did not show a diffuse staining of the terminals as reported in the transgenic animals overexpressing the protein, but it appeared instead as dense puncta. It was consistent with the intense labeling of the outer plexiform layer obtained for the proteinase K-resistant protein (PrP res ) in patients affected by the Creutzfeldt-Jakob disease 7 or in infected transgenic mice. 32 It could further explain the disappearance or spongiform aspect of the outer plexiform layer in patients with Creutzfeldt-Jakob disease. 5 PrP c was also located in amacrine cell terminals, consistent with previous observations of the native and protease-resistant protein in the IPL. 7, 32, 33 This location could also explain the histological damage occasionally observed in the IPL of patients affected by Creutzfeldt-Jakob disease. 
PrP106-126 Peptide-Induced Neuronal Toxicity
The PrP106-126 peptide served as a suitable model of the PrP res neurotoxicity because, as for infectious scrapie strains, 34 it is toxic to PrP c protein-expressing neurons but not to neurons from PrP 0/0 mice. 14, 35 In the retina, PrP106-126 intravitreal injections decreased both the electroretinogram a-and b-wave amplitudes, thereby indicating dysfunction both in photoreceptors and in their postsynaptic neurons. 12 Retinal cells in all layers were undergoing apoptosis as demonstrated by TUNEL labeling. 12 Our in vitro observations showed a selective cell death to rod photoreceptors and amacrine cells. As in cerebellar neurons, 14 this specific cell toxicity seemed to relate to the PrP c expression because, in contrast to cones, rods exhibited an intense labeling of their terminals and were sensitive to the peptide toxicity. The absence of cone and ganglion cell death may seem to contradict the reported peptide toxicity in all retinal layers in vivo. 12 However, rods represent the most abundant cells in the outer nuclear layer, whereas amacrine cells constitute a major cell population in both the inner nuclear layer and ganglion cell layer. Therefore, the toxicity on these two cell types could explain the reported histological features of the retina following intraocular injections of the peptide. Other secondary mechanisms, such as the release of excitotoxic concentrations of glutamate, 15 could also explain the greater in vivo damages.
Implications of Glial Cells in the PrP106-126 Peptide-Induced Neuronal Toxicity
As for scrapie-infected homogenates, 36 the PrP106-126 peptide toxicity was reported to rely on the presence of reactive PrP c -positive microglial cells. 14, 31 Microglial cells activated by PrP106-126 were, however, unable to induce cell death in cerebellar neurons from PrP 0/0 mice. 14 Scrapie-activated or PrP106-126 peptide-activated microglial cells were shown to release toxic molecules for neurons including nitrites, anion superoxide, and other mediators of the inflammatory response. 36, 37 In our mixed retinal cell cultures, microglial cells seemed to proliferate during the PrP106-126 peptide incubation, as previously reported with microglial cells from other tissues. 14 The PrP res -induced increase in retinal microglial cells reported in vivo 36 could have arisen from cell recruitment at the optic nerve or alternatively from proliferation of resident cells. However, the selective induction of cell death in PrP c -positive rods but not in PrP c -negative cones suggested that rod toxicity was not mediated by an unspecific toxic molecule. The PrP cell specificity could be related to the selective expression of a receptor for the inflammatory response. The PrP106-126 neuronal cell toxicity was also attributed to astroglial cells releasing glutamate in the neuronal co-culture. 15 Although both glial Mü ller cells and astrocytes were present in our cultures, a toxic glutamate release is unlikely to be the mechanism of toxicity because rod photoreceptors do not express excitatory glutamate receptors and ganglion cells would have been affected. reported severe optic neuropathy associated with visual loss and ganglion cell degeneration. In other cases of Creutzfeldt-Jakob disease, the ophthalmologic examination was often normal. 5 The visual symptoms were related to supranuclear or internuclear oculomotor paresis, visual agnosia, palinopsia, hemianopsia. In histology, inner and outer photoreceptor segments were well preserved, but significant spongiform changes were identified in the OPL. Our PrP c localization in rod terminals is consistent with these spongiform changes in the OPL and the early decrease in the electroretinogram b-wave amplitude in several cases of Creutzfeldt-Jakob disease. [3] [4] [5] [6] The bwave is indeed generated by bipolar cells postsynaptic to photoreceptors, and its decrease is indicative of a dysfunction in photoreceptor synaptic transmission or in bipolar cell impairment. The spongiform changes in the OPL were more prominent in the peripheral than in the central part of the retina. 5 The specific localization of PrP c aggregates in rod terminals and their absence in cone photoreceptors may explain this peripheral to central gradient of OPL vacuolization, which follows the rod/cone ratio.
Retinal Cell Pathology in Prion Diseases
Conclusions
This study on the retinal distribution of PrP c and on the PrP106-126 retinal cell toxicity is consistent with the pathological observations in patients with CreutzfeldtJakob disease. Retinal cell cultures may offer some advantages in the future to understand the physiopathology of prion diseases, because these cultures can be prepared from adult tissues and even from human adult postmortem retinal tissues. 
